We have performed a series of N-body/hydrodynamical (TreeSPH) simulations of clusters and groups of galaxies, selected from a cosmological volume within a ΛCDM framework: these objects have been re-simulated at higher resolution to z=0, in order to follow also the dynamical, thermal and chemical input on to the ICM from stellar populations within galaxies. The simulations include metallicity dependent radiative cooling, star formation according to different IMFs, energy feedback as strong starburst-driven galactic super-winds, chemical evolution with non-instantaneous recycling of gas and heavy elements, effects of a meta-galactic UV field and thermal conduction in the ICM.
al. 1998, Thomas et al. 2002 , Tornatore et al. 2003 ) are a powerful tool for making predictions on their formation and evolution, provided that the underlying physical mechanisms are fully taken into account.
In particular cosmological simulations have helped to reproduce many of the X-ray properties of the intra-cluster medium (ICM), which is a hot (1-10 keV) tenuous (10 −4 − 10 −2 cm −3 ), optically thin gas containing completely ionized H and He and partially ionized heavier elements ( "metals"). Metal lines revealed to populate spectra of both groups and clusters, corresponding to metallicities of about 0.2 to 0.4 in solar units, which indicates a non purely primordial origin of the ICM, a fraction of which must have previously been processed in galaxies as inter-stellar medium (ISM) and then transported whence into the space between galaxies.
The ICM is emitting radiation at X-ray wavelenghts by losing energy according to a cooling timescale t cool ∝ √ T /n. In the very central region of many clusters the gas density becomes high enough to make the cooling time shorter than a Hubble time, forming thus a cooler core (typically Rc ∼100 kpc or more) which affects the gas central density, temperature and entropy distributions (see Sections 3, 4, 5) . The ICM has likely been heated up to X-ray emitting temperatures mainly by means of gravitational energy converted to thermal when falling onto the cluster's potential well. Indeed the basic scenario describing the thermal behaviour of the ICM calls for a gravity-only driven ongoing heating of the gas by adiabatic compression, followed by hydrodynamical shocks arisen during the settling of infalling material. The hot gas will emit mainly by thermal (free-free) Bremsstrahlung, resulting in the simple, theoretical clusters X-ray scaling relations: luminosity-temperature LX ∝ T 2 (1 + z) 3/2 , entropy-temperature S ∝ T (1 + z) −2 , virial mass-temperature M ∝ T 3/2 . It is by now well known how this simple model basically fails in reproducing the actual scaling properties observed: in fact, the LX − T relation at z = 0 is steeper than predicted, breaking possibly into two different slopes (see Section 6). As for the S-T relation, an entropy excess with respect to the self-similar expectation has been reported in the inner region of poorer and cooler systems, reaching a constant value ("entropy floor"), likely resulting from softer gas density profiles in the core (Section 5). Finally the M-T relation has been found to have a lower normalization than predicted by "adiabatic" models and simulations of up to ∼ 40%.
Physical mechanisms able to explain the break of selfsimilarity in the properties of the ICM have been extensively proposed during last ten years, and mainly fall in two broad classes: a) non-gravitational heating and b) radiative cooling. Introducing gas cooling and star formation induces gas condensation at core scales, leading to star concentration associated with the central galaxy (cD) which will be dominating the baryonic cluster mass in the core at z = 0. This affects also the dark-matter (DM) density profile in the core, which steepens from r −1.5 to r −2 . Moreover, inflows of highentropy gas from extra-core regions are stimulated by virtue of baryon cooling, while lower-entropy, shorter-cooling time gas gets selectively removed from the centre, thus giving rise to an increased level of entropy inside the core itself (Voit & Bryan 2001) . On the other hand X-ray luminosity is suppressed since the amount of gas populating the hot diffuse phase gets reduced (Pearce et al. , 2000) . However all cluster simulations with cooling and star formation reveal a significant drawback: cooling alone makes a large fraction (30 up to 55%) of gas get converted into a cold phase (either cold gas or stars) within the virial radius at z = 0 (Suginohara & Ostriker 1998 , Balogh et al. 2001 , Davè et al. 2001 , in contradiction with a value of 10-20% of the baryon fraction locked into stars indicated by observations. Thus, additional sources of non-gravitational heating are required to counterbalance over-cooling in the cluster's core, to enhance the entropy of the gas and to suppress its X-ray emissivity (Evrard & Henry 1991 , Bower 1997 , Lewis et al. 2000 , Bialek et al. 2001 . One solution would be to appeal to pre-heating, namely episodic mechanisms such as an impulsive injection of energy to all gas particles at redshift high enough to occur either before (external preheating: requires less energy to reach a given entropic level because occurring in a less dense pristine environment: e.g. Kaiser 1991 , Cavaliere et al. 1997 , Balogh et al. 1999 , Mo & Mao 2002 , or during the gravitational collapse onto the cluster's potential, or shock heating during late accretion within DM haloes (internal pre-heating: e.g. Tozzi & Norman 2001 , Babul et al. 2002 , Voit et al. 2003 : its effect would be clearly stronger for colder systems (groups and small clusters), where both excess of inner entropy and a steeper L-T relation can be achieved (Cavaliere et al. 1998 , Brighenti & Mathews 2001 , Borgani et al. 2001 .
Feedback processes subsequent to star formation, namely supernovae induced galactic winds, are natural mechanisms working at both pre-heating and especially metal enriching the ICM (Loewenstein & Mushotzky 1996 , Renzini 1997 , Finoguenov & Ponman 1999 , Wu et al. 2000 , LloydDavies et al. 2000 , Kravtsov & Yepes 2000 , Menci & Cavaliere 2000 , Pipino et al. 2002 , Kapferer et al. 2006 ); yet doubts have been raised as to the actual efficiency in thermalizing the amount of additional supernova energy, which would be maximized e.g. in starbursts. Domainko etal (2004) took into account the effect of heating and metal enrichment from intra-cluster SNe, the energy from which may inhibit or delay the formation of cooling flows, provided that the inter-galactic star fraction is as considerably high as shown in other simulations ( > ∼ 20-25%, see Sommer-Larsen, Romeo and Portinari, 2005, hereinafter Paper III) . Up to now the most promising candidates to supply energy for heating are AGNs associated with quasars, which can have at their disposal huge energetic reservoirs to be converted into gas thermal energy (Bower 1997 , Valageas & Silk 1999ab, Wu et al. 2000 , McNamara et al. 2000 , Yamada & Fujita 2001 Cavaliere, Lapi & Menci 2002 , Croton et al. 2006 ). In conclusion, stellar feedback and/or additional pre-heating must play together with gas cooling to regulate the latter such as to suppress over-cooling (see Pearce et al. 2000 , Kay et al. 2003 : this will set up the fraction of baryons cooled out ("cold fraction") to form stars and cold clouds, which in turn drives the distribution of gas density, temperature and entropy.
So far few hydrodynamical simulations have been performed which were able to pursue at the same time and in a self-consistent way the target of realistically modelling the ICM dynamics by including both non-gravitational heating/cooling (complete with feedback/star formation) and the metal enrichment associated with star formation and stellar evolution: Borgani et al. (2001 and 2002) , Tornatore et al. (2003) , McCarthy et al. (2004) (all though without following metal production from star formation), and especially Valdarnini (2003) , Tornatore et al. (2004) and, very recently, Scannapieco et al. (2005) and Schindler et al. (2005) .
The physical processes implemented in our simulations and the numerical details are described in Section 2. In Section 3 to 6 we discuss distribution and scaling of density, temperature, entropy and luminosity of the X-ray emitting gas. In Section 7 and 8 we discuss the relation of the hot gas with the cold stellar component and the consequent chemical enrichment. Finally, in Section 9 we draw some summary and conclusions.
THE CODE AND SIMULATIONS
The cosmological N-body simulation has been performed using the FLY code (Antonuccio et al. , 2003 ) for a ΛCDM model (Ω0=0.3, ΩΛ=0.7, Ω b =0.04, h = 0.7, σ8=0.9) with 128 3 collisionless DM-only particles filling an initial box of 150h −1 Mpc at an initial redshift zi = 39. The gravitationally bound DM haloes at z=0 were identified by a FOF group-finder, with a fixed linking length (at z=0) equal to 0.2 times the average initial interparticle distance (see e.g. Eisenstein & Hut 1998) .
Two small groups, two large groups and two clusters were sorted out from the cosmological simulation, resampled to higher resolution and resimulated by means of an improved version of the Tree-SPH code described in SommerLarsen, Götz & Portinari (2003; hereinafter SLGP) . We named the two clusters after "Virgo" and "Coma", because of their virial size: ∼ 3 and ∼ 6 keV in terms of X-ray temperature (see table 1), respectively (actually "Coma" rather resembles a "mini-Coma"-like system, being the real Coma at about 8 keV). For each object, all DM particles within the virial radius at z = 0 have been traced back to the initial condition at zi, where the resolution in this "virial volume" has been increased (see below) and one SPH particle has been added per each DM one, with a mass of The mass resolution reached inside the resampled lagrangian subvolumes from the cosmological set was such that mDM = 1.8 · 10 9 h −1 M⊙ and mg = m * = 2.5 · 10 8 h −1 M⊙ (the mass of star particles equals that of SPH gas particles throughout the simulation, see Section 2.3). In one high-resolution run of the "Virgo" cluster, it was mDM = 2.3 · 10 8 h −1 M⊙ and mg = m * = 3.1 · 10 7 h −1 M⊙. In the surrounding region of these subvolumes the DM particles were increasingly resampled at coarser resolution with increasing radial distance (see Gelato & Sommer-Larsen, 1999) , leaving a buffer layer in between at intermediate resolution. As a final configuration, we have therefore an inner region corresponding to the initial virial volume and containing the highest-resolution (64 times the basic value; 512 times for the high resolution run) DM and SPH particles, a buffer region of DM only particles at 8 times resolution, and finally an outer envelope of DM only particles at base resolution.
Softening lenghts controlling gravitational interactions among particles are ǫDM = 5.4h −1 kpc and ǫg = ǫ * = 2.8h
kpc (for the high-resolution run: 2.7 and 1.4 h −1 kpc, respectively); they were kept constant in physical space (meaning increasing with z in comoving coordinates) since z = 6 and conversely fixed in comoving coordinates at earlier times. These values of the softening lengths for the DM particles correspond to a virial mass of 3.66 · 10 7 h 2 M⊙, about two orders of magnitude less than the minimum mass of our particles, which ensures that the gravitational potential is well reproduced even within gravitationally bound groups.
The selected objects' characteristics are listed in Tables  1 and 2 ; they have all been chosen such as not to be undergoing any major merger events since z ∼ 1. The adopted TreeSPH code schematically includes the following features (see Table 3 ):
• solution of entropy equation (rather than of thermal energy)
• metal-dependent atomic radiative cooling • star formation • feedback by starburst (and optionally AGN) driven galactic winds
• chemical evolution with non-instantaneous recycling of gas and heavy elements (H, He, C, N, O, Mg, Si, S, Ca, Fe) • thermal conduction • meta-galactic, redshift-dependent UV field.
In the following subsections we describe in more details how star formation and feedback mechanisms work, and how we implement chemical evolution with cooling.
Star Formation and Feedback as Super-Winds
Although only a minor fraction of the baryons in groups and clusters is in the form of stars and cold gas, the ICM is significantly enriched in heavy elements, with an iron abundance about 1/3 solar in iron (e.g. Arnaud et al. 2001; De Grandi & Molendi 2001; De Grandi et al. 2004; Tamura et al. 2004 , to quote a few recent BeppoSAX and XMM studies). In fact one can show from quite general arguments that at least half and probably more of the iron in galaxy clusters resides in the hot ICM with most of the remaining iron locked up in stars (Renzini et al. 1993; Renzini 1997 Renzini , 2004 Portinari et al. 2004) . Moreover, observations of galaxy clusters up to z∼1 indicate that the ICM metals were already widely in place at this redshift (Tozzi et al. 2003) .
Since the metals must have mainly or exclusively been manufactered in galaxies (whether still existing or by now disrupted into an intra-cluster stellar population), efficient gas and metals outflows from these must have been substantially at work in the past (z 1): we shall in the following denote these "galactic super-winds", and SW simulations those run with such strong wind feedback. The galactic super-winds may be driven by supernovae or hypernovae (e.g. Larson 1974 , Dekel & Silk 1986 , Mori et al. 1997 , Mac Low & Ferrara 1999 , AGNs (e.g., Silk & Rees 1998; Ciotti & Ostriker 1997 Romano et al. 2002; Springel, Di Matteo & Hernquist 2005; Zanni et al. 2005) , or a combination of the two.
Recent work on galaxy formation indicates that in order to get a significant population of disc galaxies with realistic properties in addition to steady, quasi self-regulated star formation, one has to invoke early non-equilibrium outflow processes (e.g., Abadi et al. 2003 , SLGP, Governato et al. 2004 , Robertson et al. 2004 . Such early star-burst driven outflows were incorporated in the simulations of SLGP, and in the present simulations we build on this approach, except that in general we allow such outflows to occur at all times (all "SW" runs: see below).
Specifically our approach is the following: cold gas particles (T <2 · 10 4 K) are triggered for star formation on a timescale t * = t dyn /ǫSF (where the star formation efficiency ǫSF = 0.02) if the gas density exceeds a certain critical value, chosen to be n up H = 1.0 cm −3 ; we have experimented with other values and found that the outcome of the simulations is very robust with respect to changes in this parameter. To model the sub-resolution physics of star-bursts and self propagating star formation in a simplistic way we assume that, if a SPH particle satisfies the above criterion and has been triggered for star formation, then with a probability p burst its neighbouring cold and dense SPH particles with densities above n low H (< n up H ) are also triggered for star formation on their respective dynamical time scales. The fraction f wind of all stars formed which partake in bursts is controlled through the parameters n low H and p burst . Simulations with combinations of the latter two parameters yielding similar values of f wind give similar results, so effectively the wind "strength" is controlled by one parameter. For most simulations presented in this paper we have used n low H = 0.8 cm −3 and p burst =0.1, resulting in f wind ≃0.8.
When a star particle is born, it is assumed to represent a population of stars formed at the same time in accordance with a Salpeter or an Arimoto-Yoshii (Arimoto & Yoshii, 1987) IMF. It feeds energy back to the local ISM by Type II supernovae (SNII) explosions during the period 3-34 Myr after formation: in fact, the lightest stars which contribute feedback from SNII explosion have a mass of about 9 M⊙ and lifetimes of about 34 Myr; and the upper limit of the IMF is assumed to be 100 M⊙ corresponding to a lifetime of about 3 Myr (see Lia, Portinari & Carraro 2002) . Stars with masses greater than 9 M⊙ are assumed to deposit ∼ 10 51 ergs per star to the ISM as they explode as SNII. Throughout, the energy output from stellar winds is neglected, because even for metal-rich stars it is an order of magnitude less than the output from SNII.
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SNII events are associated with multiple explosions of coeval stars in young stellar (super-)clusters, hence resulting in very efficient contribution to energy feedback. In the simulations, the energy from SN II is deposited into the ISM as thermal energy at a constant rate during the aforementioned period (the energy is fed back to the, at any time, 50 nearest SPH particles using the smoothing kernel of Monaghan & Lattanzio 1985) . Part of this thermal energy is subsequently converted by the code into kinetic energy as the resulting shock-front expands. While a star particle is feeding energy back to its neighbouring SPH particles, radiative cooling of these is switched off: this is an effective way of modelling with SPH a two-phase ISM consisting of a hot component (T ∼ 10 6 − 10 7 K) and a much cooler component (T ∼ 10 4 K) -see Mori et al. (1997) , Gerritsen (1997) and . At the same time interrupting cooling in the surrounding region of star particles undergoing SNII explosion, helps mimicking the adiabatic phase of expansion, thus creating super-shells. Such an adiabatic phase of supernovae explosion would be missed in the simulations if the whole thermal energy released were to get dissipated by efficient cooling mechanisms. The feedback related to the (non star-burst) conversion of individual, isolated SPH particles to star particles typically results in "fountain-like" features, and does not lead to complete "blow-away".
In fact, a typical star-burst event as described above gives origin to 40-50 star particles which are at formation localized in space and time. The energy feedback from these star particles drives strong shocks/"super-shells" outwards through the surrounding gas, sweeping up gas and metals and transporting these to (and mixing into) the ICM -such outflows being the "galactic super-winds" we introduced. These super-winds are quite well resolved numerically -a further improvement in the present work has been the adoption of the "conservative" entropy equation solving scheme of Springel & Hernquist (2002) , which improves shock resolution over classic SPH codes.
The amount of energy injected into the Inter Stellar Medium (ISM) by Type II supernovae per unit mass of stars initially formed can be expressed as ∝ fAGN β νSN ESN , where fAGN normally is unity (but see below), β 1 accounts for possible radiative losses, νSN is the number of Type II supernovae produced per unit mass of stars formed and ESN is the amount of energy released per supernova. For this work we assume βESN =10 51 ergs. The parameter νSN depends on the IMF: for the Salpeter IMF νSN = 6 × 10 −3 , for the Arimoto-Yoshii IMF νSN = 1.5 × 10 −2 , corresponding to 6 and 15 SNII respectively (from progenitors with M 9 M⊙), per 1000 M⊙ of stars formed. To mimic the effect of possible additional feedback from central, supermassive black holes in a very crude way we set in some simulations fAGN=2 or 4 (SWx2 and SWx4 runs respectively), on the basis of the hypothesis that AGN activity mirror star formation (Boyle & Terlevich 1998) .
As a test of reference, one set of simulations ("WFB") were run with early super-winds only, as SLGP assumed for modelling individual galaxies. This resulted in a very small (average) value of f wind =0.07, and a consequent very low level of enrichment of the ICM. As a result, this WFB set has been run using an approximately primordial cooling function in the ICM, and hence is similar to most of the previously attempted simulations performed without metal production from star formation and subsequent chemical evolution of the ICM (e. g. Tornatore et al. , 2003) .
The above "super-wind" scheme is not resolution independent by construction, yet simulations at 8 times higher mass and twice better force resolution give similar results (see e.g. Section 6 and also Paper II), indicating that the scheme is effectively resolution independent. Although the Table 2 . Numerical properties of the simulations. All the runs were started from initial redshift z i =19, except "Virgo" highresolution, for which z i =39; throughout the paper, all results from the latter refer to z = 0.07, up to which the simulation has actually run as of submission date. Last two columns refer to SW runs. above scheme is just a simplistic way of modeling galactic outflows, it has the advantage that such outflows are numerically resolved, and that the gas dynamics of the outflow process is self-consistently handled by the code. Finally, Type Ia supernovae (SNIa) are also implemented in the simulations as sources of chemical enrichment. However,since SNIa explosions are considerably less numerous than SNII (per unit mass of stars initially formed), and also are typically uncorrelated in space and time, we neglect their energy feedback in the current simulations. As a matter of fact, SNIa explosions, occurring in low-density environments, may be in principle more efficient in contributing to feedback (Recchi, Matteucci & D'Ercole 2001; Pipino et al. 2002) ; nonetheless they represent isolated events not giving rise to cumulative, large scale effects such as the supershells resulting from correlated SNII explosions.
Cooling flow correction
The simulations show active star formation, induced by strong cooling flows, at the very centre of the cD galaxies down to z = 0, which has no counterpart in observed clusters; such spurious late activity is responsible for a non negligible fraction of the cluster stellar mass and these young stellar populations would significantly contribute to the total luminosity. Therefore a correction must be applied, if aiming at reproducing observed quantities such as cold fraction, star formation rate as well as the metal production and distribution in the ICM (see Sections 7 and 8; also Paper III and D'Onghia et al. 2005). Specifically, our correction consists in selecting and subtracting out the star particles formed within the innermost 10 kpc since some zcorr: as the main epoch of general galaxy formation in the clusters is over by z ∼ 2 (see Paper II), we assume zcorr=2 as the redshift below which spurious central star formation induced by cooling flows can be neglected; we also verified that the correction is quite stable for zcorr up to 2.5.
Chemical evolution
There is a deep interconnection between chemical and hydrodynamical evolution when addressing metal production and mixing into the ICM. Stars return to the surrounding ISM part of their mass, including chemically processed gas, and of their energy (stellar feedback): the whole star formation process acts onto the cluster gas evolution both through energy feedback from supernovae (see previous section), counteracting the cool-out of the hot gas, and through metal enrichment of the ICM, which instead boosts its cooling rate. The rates of release of both energy (SN rate) and metals are set by the IMF, which also regulates the returned fraction from the stellar to the gaseous phase: in a Salpeter distribution, 30% of the stellar mass formed is returned to the gaseous phase within a Hubble time, whilst in an Arimoto-Yoshii (AY) distribution the returned fraction is about 50%.
In our simulations, star formation and chemical evolution are modelled following the "stochastic" algorithm of Lia et al. (2002; hereinafter LPC) . When a cold gas particle is selected for star formation, it is entirely transformed to a star particle with a probability given by the star formation efficiency. The new-born collisionless star particle hosts a Single Stellar Population (SSP), namely a distribution of stellar masses (according to the chosen IMF) all coeval and with homogeneous chemical composition, which is the composition of the gas particle that switched to a star particle. During its lifetime, such a SSP will release gas and metals (both newly synthesized and original ones). The return of gas and metals to the interstellar medium is also modelled stochastically, and a star particle will entirely "decay", or "return" back to be a SPH collisional particle, with a probability given by the returned fraction of the corresponding IMF. Which is to say, in simulations with the Salpeter IMF 30% of the star particles will return to be gas in a Hubble time, while with the AY IMF 50% of the star particles decay back to gas particles, overall. Notice that the decay is not instantaneous: only 10% (for Salpeter, 30% for AY) of the SSP mass is returned to the ISM in the initial burst phase (the initial 34 Myr, Section 2.1), the rest of the decay of the star particles occurs spread over a Hubble time. According to its age, a decaying star particle carries along to the gaseous phase the metals produced by the SSP in that time window (namely, the products of the dying stars and exploding supernovae with the corresponding lifetime). Thus the algorithm follows non-instantanoues gas recycling, as well as the corresponding delayed metal production. In particular, mass loss and metal production from intermediate and low mass stars, and the delayed chemical enrichment from SNIa, are accounted for. The algorithm follows the evolution of H, He, C, N, O, Mg, Si, S, Ca and Fe. Full details of the algorithm can be found in LPC. Among the advantages of this algorithm, the number of baryonic particles and their mass is conserved throughout the simulation: since they switch from gas to stars, and back from stars to gas, in their entirety with no splitting, m * = mSP H always.
Some modifications have been applied to the original LPC algorithm, to adapt it to our "starburst and supershell" feedback scheme described in the previous section. In the first 34 Myrs, i.e. during the starburst phase, the energy and metals released from massive stars are not implemented statistically; rather, with the rates predicted by the corresponding IMF, there is a steady release of energy and metals over the neighbouring gas particles, hence the expanding super-shell is also enriched in metals. When reaching 34 Myr, a fraction of the star particles responsible for the burst are turned to SPH particles, with the suitable probability to describe the actual returned gas fraction at that age (about 10% or 30% for the Salpeter or AY IMF, see above). Only from 34 Myrs onwards, metal production is treated with the stochastic approach of LPC. Being limited to the very early, short stages of the SSP lifetime, this modification does not hamper the correct modelling of delayed gas recycling and metal production achieved with the LPC algorithm; but it allows a better connection between energy and metal feedback from SNII in our starburst models, and a more efficient transport of the SNII metals outward by the expansion of the corresponding supershell.
Further mixing of the metals, both the SNII metals and those released by later decay of star particles, could be due to metal diffusion. In LPC, metal diffusion was taken into account with a diffusion coefficient κ based on the expansion of individual supernova remnants; this is relevant for modelling galactic scales, but can be neglected on cluster scales. Besides, in our simulations the diffusion related to the expansion of (multiple) SN shells is implicit in the treatment of the winds. Hence in our present simulations we neglect (additional) metal diffusion (κ=0).
Background UV field and metal-dependent cooling
A source of radiative heating is provided by a homogeneous and isotropic UV background radiation field switched on at z = 6 and modelled after Haardt & Madau (1996) , to integrate the effect of sources such as AGNs and/or young blue galaxies. The presence of a UV field affects galaxy formation only at low temperatures, which is the case at the beginning of the process, when also heating by photo-ionization is important. Moreover, at the typical densities of strongly cooling, galaxy forming gas (nH > ∼ 10 −2 cm −3 ), the primordial abundance cooling function is only significantly modified by a UV field of this kind at temperatures logT < ∼ 4.5, even at epochs when the UV intensity is largest (z = 2 − 3).
The radiative cooling rate of atomic gas closely depends on its chemical composition, whose evolution is followed in detail in the simulations (Section 2.3); in general, this dependence acts in such a way that, at a given density, the cooling efficiency increases for higher metallicity, leading to accelerated star formation. Including effects owing to metal line cooling is thus decisive for modelling in a realistic way the transformation of baryons into stars, and hence the whole history of galaxy formation (see Scannapieco et al., 2005) .
We take metal-dependent cooling consistently into account in the simulations, by means of the cooling functions of Sutherland & Dopita (1993: SD) : in such a way the cooling process of the gas takes place accordingly to its metal content, as resulted from the enrichment described in the previous subsection. With respect to a primordial composition of only H and He, metals in the gas affect its cooling rate mainly at temperatures logT > ∼ 4.5: since the effects of the adopted UV field and of metal cooling are relevant in different temperature ranges (below and above logT ≃ 4.5, respectively), to a first approximation they can be treated as independent corrections to the primordial abundance cooling function.
Radiative cooling is a function of the local metal abundance, calculated by the standard smoothing kernel of our code: though the metals are not spread around by diffusion, the cooling function is computed basing on the average metallicity of all neighbouring gas particles, also in order to avoid overestimating cooling from particles with high Z.
The adopted metal-dependent cooling functions of SD are given for chemical compositions mimicking those in the Solar Vicinity (from solar-scaled to α-enhanced at low metallicities). In general, the mixture of metals in the simulations (as well as in real astrophysical objects) does not necessarily follow the same trends as the local one. Ideally, one would need cooling functions for different compositions (different relative proportions of different elements) since the cooling contribution from different elements, different ionization stages and different lines, depends on temperature and a global scaling with metallicity is never a perfect description. However, this is not yet possible so we link the available cooling functions to the actual composition of our gas particles, basing on the global abundance of metals by number; in fact, what matters for the cooling efficiency is the number of coolants (metal atoms and ions), rather than the abundance of metals by mass (the "metallicity" Z): see e.g. Section 5.2 of SD.
Thermal conduction
Thermal conduction may play an important role in clusters: especially in the richest systems, the highly ionized hot plasma of the ICM would make up an efficient medium to transport thermal energy through. Cooling losses at clusters' centre could then get offset by the heat flow from hotter regions, providing thence a possible explanation of the apparent absence of strong gas cool-out in observed clus-ters at present, which clearly calls for the presence of some additional heating.
Indeed, simple hydrostatic models assuming cooling and conductive heating in local equilibrium (Narayan & Medvedev 2001 , Voigt & Fabian 2004 , have succeeded in reproducing the central temperature profiles, nearly isothermal with a smooth core decline (see next Section). On the other hand, the presence of magnetic fields would be likely to alter the effective conductivity in clusters, depending on the field configuration itself, which is a still widely debated topic (Carilli & Taylor, 2002) . Observations of sharp temperature gradients along cold fronts (Markevitch et al. 2000 , Ettori & Fabian 2000 gives an indication that ordered magnetic fields are in fact present, strongly suppressing thermal conduction.
Thermal conduction was implemented in the code following Cleary & Monaghan (1990) , with the addition that effects of saturation in low-density gas (Cowie & McKee 1977) were taken into account. In all the runs including thermal conduction, we assumed a conductivity of 1/3 of the Spitzer value (e.g., Jubelgas, Springel & Dolag 2004) , given the expression for the electronic heat conductivity in an ionised plasma:
( 1) where ne and λe are the electron density and mean free path, depending on the electron temperature Te and on the Coulomb logarithm Λ.
THE GAS DISTRIBUTION

Gas density profiles
The observed gas density in clusters presents a cored profile (usually parameterized with the "Beta model" of Cavaliere & Fusco Femiano, 1976 ) which simulations of non-merging clusters are not able to explain, due to the underlying cuspy DM distribution (Metzler & Evrard 1994 ).
The gas density profiles of clusters at different temperatures represent one first clue at their lack or breaking of self-similar scaling, colder systems having shallower internal profiles. Previous simulations have confirmed that the scaled density profiles appear identical as long as only gravitational heating is acting, whereas introducing SN feedback causes the core density to fall in those colder systems where the amount of energy injected per particle is comparable to the gravitational heat budget previously available; such effect is even more pronounced when pre-heating the gas by imposing an early entropy floor.
Directly related to the gas profile is the cumulative gas fraction within a given radius, namely fgas(r) = Mgas Mtot |r and more indirectly the baryon fraction f b (r) and the stellar and cold fractions which will be further discussed in Section 7. In Fig. 1 the cumulative mass fractions of the gas and stellar components, along with the total baryonic one, are shown for the "Virgo" cluster. It is commonly accepted (Eke et al. 1998 , Frenk et al. 1999 ) that simulated clusters without radiative cooling present gas (and baryonic) fraction profiles converging to a value close to the cosmic value at virial distances, fgas →
, which is eventually reached at around twice the virial radius after a gradual rise.
As can be seen in the fourth panel, relatively to the adiabatic run (where fgas = f b , being f * = 0), the combined effect of cooling and feedback makes fgas to be shifted down by almost 20% from the core radius outwards (cfr. with the 25% value found by Kay et al. 2004) , while the total baryonic profile is unaffected except at the centre, where cooling and star formation are responsible for the central rise with respect to the adiabatic profile. This is in agreement with other simulations (Kay et al. 2004 ) pointing out that clusters simulated with stellar feedback exhibit lower gas density than non-radiative ones at overall level, the effect being prominent at the centre. In fact, while cooling removes lowentropy gas from the ICM, feedback itself re-heats the gas up: both processes occurr at a rate proportional to density, therefore reaching maximum efficiency near the centre.
The dependence of the radial baryon and gas fraction on the different feedback and/or pre-heating and IMF recipes can be more specifically examined. The choice of IMF in practice does not affect neither the baryon nor the gas fractions, whereas the feedback strength can alter the profile: passing from weak feedback to "standard" SW and to SWx2, the baryonic radial distribution remains almost unaffected, while less gas is turned into stars and the proportion of the hot vs. cold component changes, as can be seen by inspection of the respective fgas and f * (Fig. 1: two top panels) . This means that (as expected) the stronger the super-winds, the more gas is left, which increases the cumulative (relative) gas fraction from 0.8 to 0.9 at virial radius: in fact, more gas is spread out at larger distances, its profile being more extended because of higher entropy -while the star fraction gets conversely reduced overall. When moving to the extreme SWx4 model, the stellar content is so suppressed at the centre and the gas distribution so spread out, that the baryonic profile is also significantly affected and f b drops considerably below 0.8 within half the virial radius, getting to its full (almost cosmic) value well beyond the virial radius.
When adding extra pre-heating to the standard superwind models (third panel), it can be noticed that its main effect is the creation of a core in the gas distribution, which is the more extended, the larger the early energy/entropy amount injected per particle. On the whole, f b (r) appears to be the most influenced by additional pre-heating, whereas feedback mainly affects the gas distribution (unless very extreme feedback efficiencies are adopted). Both the gas and total baryon fractions increase from the centre outwards, confirming that the gas distribution is flatter than that of dark matter (David et al. 1995) .
Moreover, when considering the gas and baryonic profiles in simulated clusters of different mass and temperature (but with otherwise the same physical input for feedback etc.; Fig. 2 ), the shape of the profiles appear rather universal but the absolute density levels scale with temperature, with lower central densities and more extended profiles at lower temperatures; this is consistent with the findings of Vikhlinin et al. (1999) and Roussel et al. (2000) .
In particular it is meaningful to also check for deviations from self-similar behaviour in the gas mass fraction for lower-mass systems: in Fig. 3 we present our two small clusters 202 and 215 along with two X-ray bright systems of comparable size, for which Rasmussen & Ponman (2004) have estimated surface brightness profiles and hence mass and entropy profiles assuming either an isothermal or a poly- tropic temperature radial function (see e.g. Fig.8 in Section 5); they found that in both models the gas mass fraction increases with radius, as expected from a more extended distribution of gas than that of total mass. But it is interesting to mark as well the relative influence of the cooling and heating models when applied to different mass systems: while halo 202 still retaines much of the "Virgo" features, the profile of the smaller 215 indicates that stronger feedback has a relatively large effect on the ICM distribution at outer distances (see next subsection), suggesting a ∼ 1.5 keV scale at which not only gas depletion at the centre but even expulsion from the outskirts may become relevant if stellar + AGN feedback had a strength as in SWx4 case. , compared with those derived by Rasmussen & Ponman (2004) , assuming either a polytropic or an isothermal temperature profile on two X-ray bright groups of comparable size as our simulated ones (dashed lines): WARPJ0943.5+1640 and WARPJ0943.7+1644.
Correlations with cluster temperatures
The total baryon fraction distribution is the combined result of the relative contributions given by its gas and stellar components. Evidence for trends in the mean gas fraction with cluster temperature is ambiguous: a decrease in low-T systems would represent a significant contribution to the steepening of the LX −T relation (see Section 6), which could be explained by both lower gas concentration and lower gas fraction (Arnaud & Evrard 1999) , especially in models with galactic winds. Several studies have found that the stellar component is predominant in lower-temperature systems, whose lower relative gas content and inflated gas distribution might be consequence of a stronger response to feedback in shallower potential wells (Metzler & Evrard 1994 ), although probably not at virial sceles: indeed this sequence appears very weak even at R200, being more evident only at inner R2000, as found by Roussel et al. (2000) . have however found a "clear trend" for cooler (∼ 1 keV) virialized systems to have a smaller mass fraction of emitting gas already at 0.3R200, which gets slightly levelled off when estimated at R200 and which is anyway subject to somewhat considerable scatter. In Fig. 4 we actually find a trend in the gas fraction measured at R500 with temperature, for the same feedback parameter: in fact the adiabatic curve lies well above the others (because of no star formation) and does not exhibit any systematic trend, whereas an increase is evident in all the AY-SW runs, as well as SWx2 and SWx4 ones. With this regard, the trend we predict is in excellent agreement with the data, although the large scatter of the latter does not allow us to single out a best model among the different physical prescriptions for IMF and feedback.
A constant baryon fraction with size would be consistent with the similarity of f b profiles and an equally constant gas-to-stellar mass ratio (linked to the cold fraction: . Baryon (upper) and gas (lower) cumulative gas fractions (f b = fg + f * ) at R 500 , normalized to cosmic f b adopted. Gas data (crosses) from Sanderson et al. (2003) .
see Section 7), as found by Roussel et al. (2000) , indicating that non-gravitational processes are not dominant in determining the properties of the ICM on large scale (see also White et al. 1993) . However both an increase of gas fraction (albeit modest) and Mgas M * with cluster richness have also been separately reported (Arnaud et al. 1992 , David et al. 1995 , so that the issue is still debatable. From combining the two panels of Fig. 4 it is clear that a trend, if any, would be imputable to the gas component only, given that the stellar fraction follows a fairly constant trend. The f b behaviour confirms that its value is noticeably lowered by galactic feedback by almost one third on average; but above all shows that it is the feedback which is responsible for the increase of about twice in fg(R500) going from 1 to 5 keV.
TEMPERATURE DISTRIBUTION
Spatially resolved spectroscopical measurements of the ICM temperature provide crucial information on its thermodynamical state: through assuming hydrostatic equilibrium, the total gravitational mass of a cluster is estimable as a function of gas temperature and density profiles. X-ray based determinations of the cluster mass generally assume isothermality for relaxed (non-merging) systems with symmetric morphology, like those in our sample. While to first approximation the ICM appears then to be isothermal, notwithstanding many recent data available from ASCA, XMM, BeppoSAX, Chandra satellites for large samples of rather hot (T > ∼ 4 keV) systems (Markevitch 1998 , Allen et al. 2001 , Ettori et al. 2002 ) agree on presenting declining temperature profiles in the outer regions at r > ∼ 0.2 − 0.3Rvir, displaying a "universal" shape featuring as T ∝ [1+( , γ ≃ 1.2 − 1.3. Such a decline implies that the assumption of hydrostatic equilibrium along with isothermal β-model of gas density distribution lead to underestimate the gravitating cluster mass enclosed within small radii, whilst overestimating it at large distances. In addition, for most clusters hosting cooling flows a fair temperature descent was reported towards the centre, after a peak at around 0.1Rvir, which reveals the presence of a cooling or cold innermost centre surrounded by a somewhat extended isothermal core: this feature seems to be reproduced by adiabatic simulations in the literature (Borgani et al. 2001 , Valdarnini 2003 , but it vanishes as soon as cooling is introduced, giving rise to an increasing temperature profile almost to the centre. It has been proposed (Voigt et al. 2002) that thermal conduction, besides conventional heating, could help regulating central gas cooling: heat would be transferred from the outer layers to the centre, allowing diffuse gas to be kept at fairly low temperature (∼ 1 keV) without cooling out. However, observations of cold fronts in many clusters indicate that thermal conduction is significantly suppressed in the ICM.
In Fig. 5 we compare temperature profiles derived from our simulated "Virgo" with the results by , who analysed spatially resolved data for a sample of rich nearby clusters with BeppoSAX, both coldcore and non cold-core by about the same proportions, finding that their profiles are characterized by a drop in temperature inside of 0.1Rvir: beyond this they steeply decline outwards following a power-law, which is flatter for the coldcore systems; more specifically, the polytropic indices of the power-law decline are closer to the isothermal value γ = 1 for cold-core clusters and to the adiabatic value γ = 5 3 in clusters without a cold core: the latter are in fact supposed to have undergone more recent major mergers, so that they have not had time enough for heat transport to efficiently flatten their temperature profiles. Such results for cold-core clusters are also confirmed by Piffaretti et al. (2005) , who give temperature and entropy profiles of 13 nearby clusters with cooling flows.
In the four panels the separate role of feedback, IMF, pre-heating and conduction may be assessed by varying the relevant parameters and keeping the SW scheme with AY IMF as standard reference for all. The most striking pattern is given by the two extreme runs SWx4 and the weak feedback one, which are the only ones resulting in an unrealistic temperature spike at the centre. As one can notice in Fig. 6 , these are also the (only) runs displaying a significant high level ("floor") of central entropy, almost an order of magnitude higher with respect to others, meaning that they must have a central gas density almost 20 times lower, since S ∝ T /n 2/3 e . As a consequence, at the same radial distance their gas has a long cooling time, preventing the onset of cooling flows. The reasons for this peculiar central behaviour root in the structural preparation of these simulations: the WFB simulation, in which gas gets rapidly cooler out of ∼ 0.1Rvir, adopts an almost primordial cooling function due to the very low metallicity in the ICM, so that cooling is far less efficient than for the other runs even in systems larger than groups; on the other hand the weak propagation of stellar feedback from the inner sites of star formation causes the gas to get settled at the centre. On the contary, the strongest super-wind scheme ends up with more violently spreading the gas out to larger radii and thus rarefying the inner density.
With the exception of the Sal-WFB case, all the runs fairly well reproduce the observed decline from ∼ 0.25Rvir outwards. The introduction of strong feedback and/or preheating smooths out the sharp central temperature peak of the WFB case (typical also of simulations with only cooling and star formation) so that the profiles remind more closely the observational shape; however, the formation of an isothermal core around 0.1Rvir is not satisfactorily modelled by any of the simulations: temperatures keep rising inwards even beyond 0.1Rvir and the turn-over occurs only at around 0.05Rvir. Further increasing the feedback strength does not cure the problem, as clearly indicated by the behaviour of the SWx4 run discussed above (first panel).
In the third panel, preheated runs are compared with the standard AY-SW and with the adiabatic one: the effect of early injecting 0.75/1.50 keV or 50 keV·cm 2 per particle are practically equivalent. Both the standard and the preheated runs are clearly less flat than the gravitational-only one at outer distances from ≃ 0.25Rvir , while the latter is steeper at the core scale.
As for thermal conduction, its main effect is to flatten the profile at large radii, showing that for conductivities of 1/3 the Spitzer value, this mechanism can even temperature gradients out on large scales. In particular, for "Virgo" conduction does somewhat smooth the temperature profile around 0.1 Rvir, but by far not enough to reconcile it with the observational profiles. The "Coma" simulation discloses instead an interesting feature: the erratic behaviour of the temperature curve around the core, which by direct inspection of the simulated cluster is recognized as due to cold fronts, is completely smoothed out by conduction. Since cold fronts are observed in many clusters, this indicates that thermal conduction is highly suppressed in the ICM, presumably by magnetic fields.
ENTROPY
The dynamic and X-ray properties of the ICM of relaxed clusters are on large scale determined by the entropy distribution of the inter-galactic gas adjusting itself to fit into the dark matter potential well it lies within. The intra-cluster gas entropy (defined as S = kT /n 2/3 e , a quantity conserved in adiabatic processes) gravitationally generated across the growth process of cosmic structure changes its distribution by means of radiative cooling and non-gravitational heating, and in turn determines gas properties such as density and temperature profiles (Voit et al. 2002; Borgani et al. 2001) .
Observations of X-ray surface brightness profiles in inner regions of poor clusters and groups (T < ∼ 2 keV) had pointed towards the existence of an "entropy floor" in the ICM/IGM at around 100 keV·cm 2 , Finoguenov et al. 2002 , breaking the self-similarity of group and cluster ICM profiles. Systems at all scales, and in particular low-mass ones, show evidence for excess entropy compared to that expected from pure gravitational entropy increase by shocks (see Introduction).
In our approach we also included a set of simulations with additional preheating, basically following Borgani et al. (2001 Borgani et al. ( , 2002 in setting an entropy floor through early instantaneous preheating of 0.75-1.50 keV or 50 keV·cm 2 per particle at z = 3, which is the epoch at which heating sources are expected to contribute significantly (close to peak of star formation in proto-clusters). An impulsive en- Figure 5 . Temperature radial profiles of "Virgo", normalized to their mean emission-weighted temperature; all panels present AY-SW as reference. At bottom right also shown "Coma". Data points from give the average deprojected profile over a sample of nearby clusters, both CF (dash-shadowed) and non-CF (point-shadowed); also shown some individual CF clusters: A1795 (< kT >= 6.10 keV, circles), 2A0335 (3.38 keV, squares) and Centaurus (3.77 keV, triangles).
ergy/entropy budget of the order we used is motivated by X-ray phenomenology of ICM, and appears also consistent with detected abundances (see Tornatore et al. 2003) .
However, observations of groups have recently hinted towards a lack of large isentropic cores, at variance with predictions of preheating models . Especially massive virialized systems with strong cooling flows do not show such cores, rather a monotonically increasing entropy with radius (Piffaretti et al. 2005 and references therein). On the other hand, high entropy excesses have been reported up to large radii even in moderately rich clusters (Finoguenov et al. 2002) . In fact, whilst the existence of isentropic cores is still controversial, both analytical estimates of the effect of shock heating on the preheated accreting gas (Tozzi & Norman 2001) and numerical simulations (Borgani et al. 2001) indicate entropy profiles outside the cluster's central region having a slope S ∝ r 1.1 , or closely shallower. Another explanation could appeal to cooling alone as able to remove low-entropy gas from the haloes' centre, but this class of models inevitably leads to overcooling (Knight & Ponman 1997 , Davé et al. 2002 . It is clear that the most natural and comprehensive way to model the inner distribution of entropy, as well as the X-ray emission, is to accompany cooling with heating by feedback subsequent to star formation: this will heat gas particles at low entropy. The entropy threshold in the core would be then set up by equating the gas cooling time to a Hubble time, such that the floor itself will scale as S f ∝ (τ cool T )
2/3 and will be higher in hotter systems, as to reproduce the observed smooth flat trend with temperature (Voit & Bryan, 2001 ).
In Fig. 6 the inner pattern of temperature and entropy for particles in the "Virgo" cluster is shown in more detail, from which it is evident that there is not a proper isentropic core or entropy floor: most models exhibit central entropy values of ∼ 10 − 20 keV·cm 2 , in agreement with inferred values for cold-core clusters (Voit et al. 2003) ; instead a plateau around 100 keV·cm 2 has formed only in two distinct cases, namely the WFB scheme with Salpeter IMF and the 4-times SW scheme with AY IMF. The former has less efficient cooling and therefore does not develop a low-entropy core; at the same time, the higher star formation rate (because less hampered by weaker feedback) also contributes to absorb larger amounts of low-entropy gas. The SWx4 model ends up with forming a floor around 100 keV·cm 2 at z = 0, much higher than the entropy level reached by the preheated runs; preheating indeed seems to have a minor impact on the behaviour of the standard SW simulations. The adiabatic run also develops an entropy floor of about 30 keV·cm 2 , but only at the very centre (r 0.01Rvir), where gas keeps accumulating without cooling.
The entropy floor is even more evident in our simulations of groups (Fig. 7) , where not only the aforementioned WFB and SWx4, but also the preheated runs, exhibit evidence for an isentropic core at ∼ 100-250 keV·cm 2 up to ∼ 0.3Rvir; while the adiabatic one clearly lies the lowest (except that at the innermost ∼ 0.05Rvir) and all other profiles fall in between, following a smooth coreless increase from the centre. In this way, coupling cooling and star formation with feedback allows one to reproduce the entropy excess observed at least at groups scale: namely, cooling and star formation alone make low-entropy gas particles be selectively removed from the diffuse hot phase in central regions, hence leaving a flatter profile. Imposing then an artificial entropy floor at high redshift onto this has a slight effect on increasing the gas cooling time and thus slowing down star formation, so that the final entropy level gets lower due to less efficient cooling. When properly incorporating energy and metal feedback from star formation, one can see how the gas entropy actually ends up at a lower level.
In order to highlight the effects of non-gravitational physics on the gas radial distributions, we show in Fig. 8 the scaled entropy S/T for two groups, whose characteristics are comparable to those of the X-ray bright galaxy groups studied by Rasmussen & Ponman (2004) . Indeed self-similar scaling with mass would lead to the relation S(r) ∝ T and spherical shock heating models as well as simulations predict the power law S(r) ∝ r 1.1 , which is also plotted for comparison. In general all our simulated profiles get steeper than this when approaching the virial radius, whilst they flatten inside ∼ 0.1Rvir as a result of a core in the density distribution. The mean slope outwards 0.1Rvir appears however to follow that for clusters (see Piffaretti et al. 2005) . The only evident entropy core has formed again in the SWx4 simulation and in any case no core at all can be seen extending beyond this rather small radius: this is consistent with some recent observations of groups (e. g. Pratt & Arnaud, 2003), which do not detect in poor systems the large isentropic cores predicted by simple preheating models. 
X-RAY LUMINOSITY
The relationship between bolometric luminosity and temperature provides a sensitive diagnostics of the gas to virial mass ratio and an indication as well of the lack of self-similarity in the structure of clusters. Measurements of ICM temperature by X-ray satellites demonstrate that the observed systems scatter around the curve LX ∝ T α with α ≃ 3 for clusters at T > ∼ 2 keV (Mushotzky 1984 approaching to the self-similar scaling only from T > ∼ 8 keV on. The relation itself has been found fairly constant over redshift up to z ∼ 1 (see Donahue et al. 1999 , Borgani et al. 2001 . The largest deviations from it are found for those systems whose emission is strongly associated with a cold core, or "cooling-flow" (Fabian 1994) , whose effect has to be corrected for (Markevitch 1998 , Allen & Fabian 1998 , Arnaud & Evrard 1999 , Ettori et al. 2002 . This class of clusters represents slightly more than half of all nearby Xray detected clusters. Moreover there is evidence that lowmass systems (T < ∼ 1 keV) show a steeper relation, up to LX ∝ T 8 (Ponman et al. 1996 , Helsdon & Ponman 2000b ). As sketched in the Introduction, this discrepancy with gravitational-only (non-radiative, or "adiabatic") hierarchical models of spherical accretion indicates a segregation of dark and gaseous matter. Pre-heating of the ICM later followed by merger shocks could steepen the LX − T dependence of cooler clusters (Cavaliere et al. 1997) and at the same time decrease the luminosity evolution to redshifts z ∼ 1, as observed. When cooling and star formation were included in the simulations, the resulting emission profiles got flatter at the core due to gas removal from the hotter phase, while incorporating also additional heating on this has produced spikes in the inner X-ray luminosity density if the epoch of pre-heating was as early as z = 9 (Borgani et al. 2001) . Tornatore et al. (2003) have found that cooling plus star formation only are able to fairly suppress the X-ray luminosity, but at the same time are responsible for steepening the temperature profiles, leading to an increase in the emission-weighted temperature; the net effect is to enable a match between simulated and observed clusters in the LX − T plane, though not at group scales. Includ- Figure 9 . X-ray luminosity -emission weighted temperature scaling relation from the inner 1 Mpc. Simulated points are the average over the last ten frames down to z=0. High-resolution Virgo shown at z = 0.1. Open symbols are X-ray data from Markevitch (1998), Arnaud & Evrard (1999) , Helsdon & Ponman (2000a) .
ing later (z = 3) pre-heating mainly affects small systems, further suppressing their emissivity, so that altogether the combined effect of cooling and pre-heating is for simulations to approach the slope of the observed LX − T relation.
Besides cooling, star formation and energy feedback, our procedure included as well a self-consistent treatment of the metal enrichment of the ICM regulated by the stellar feedback itself, in such a way that it is possible to estimate also the contribution heavy elements make to the emissivity. In general each gas particle has an assigned mass, density (hence a volume ∆Vi), temperature, metallicity Zi and energy, so that its bolometric luminosity at X-ray band can be computed as
where Λ is the metal-dependent cooling function such that the emissivity reads ǫ = Λ(T, Z) · n 2 H , and which scales as Λ(T, Z) ∝ √ T for T ≫ 10 6 K. The contribution of metal lines to global emissivity, which is dominated by Bremsstrahlung from a primordial-like gas, gets even more relevant at group scales, where it can make up to half of the total. From this, the emission-weighted temperature is obtained as
In Fig. 9 the X-ray luminosity-(emission-weighted) temperature relation for all our simulations at z ≃ 0 is shown, along with observations. The observed (open) points exhibit the characteristic double-slope behaviour; as expected, the adiabatic runs lie above this curve, but interestingly adding thermal conduction results in a similar overestimate of the X-ray emission as well. Overall, the predicted luminosities are higher than the observed ones; both enhanced feedback and a less top-heavy IMF, however, can Figure 10 . X-ray luminosity emitted from the gas contained between R and R vir , for "Virgo" run at normal (red, pentagons) and high (green, stars) mass resolution, both at z = 0.1.
lower the X-ray luminosity: the latter effect seems to be dominant, since the runs with Salpeter IMF and Weak Feedback, which result in a low level of metal enrichment as well (see next sections), are those placed lowest. All in all, when strengthening the feedback up to 4 times and using a topheavy IMF, a satisfactory level seems to be reached at least for clusters, whereas it results in a too drastic suppression of the X-ray luminosity for the lower mass haloes, though matching the slope of the LX − T relation. A preliminary conclusion from these results could be that the success of previous generations of simulations in reproducing both the L-T relation, the surface brightness profiles and the rather high entropy floor, may have been somewhat favoured by the simplistic use of primordial or uniform cooling functions; when making the models more realistic by including chemical evolution and metal-dependent radiative cooling, this promotes the development of fairly strong central cooling flows, which generally lead to excess X-ray luminosities.
Finally, in Fig. 10 , we show the effect of the numerical resolution on the computation of the luminosity, in the case of "Virgo": as it can be noticed, increasing mass resolution by 8 times and force resolution by twice, affects only slightly the global X-ray luminosity, the largest contribution to which being that of the innermost denser region, which is now better resolved.
X-ray luminosity and star formation evolution
Besides the ICM, star forming galaxies too are known sources of X-ray emission, which can be considered as a tracer of the most energetic phenomena associated with phases of star formation and evolution, such as mass accretion, SN explosions and remnants, hot stellar winds and galactic outflows. While point sources (X-ray binaries, SN remnants) account for the dominant contribution to the overall X-ray emission in the 2-10 keV band, where they give the spectrum a power-law shape, diffuse emission (the thermal component) is significant in the soft X-ray band, arising from the ISM shock heated by supernovae in the form of shells or winds (Persic & Rephaeli 2002) . Moreover, AGN Xray emission correlates with enhanced star formation (star- Figure 11 . Star formation rate (solid) in "Virgo" (AY-SW) and "Coma", including the cD and all the stars (both inter-and intragalactic), compared with the mass cool-out rate Lx 1 T ew by Xray emission (dashed) as predicted by simple model in burst) sites: the X-ray emissivity normally overwhelms that from the host galaxy itself.
A relationship between far-infrared (FIR) and X-ray luminosities in star forming galaxies has often been found in both soft and harder X-ray bands (e. g. David et al. 1992; Lou & Bian 2005 from ROSAT in the soft 0.1-2.4 keV band; Ranalli et al. 2003 from ASCA, Bepposax and Chandra in the hard band; Franceschini et al. 2003 from XMM in the hard 2-10 keV band): since radio and FIR luminosities are well known indicators of star formation, it follows that LX at both 0.5-2 keV and 2-10 keV should as well provide an estimate of the star formation rate (SFR). Besides, spiral galaxies in the field or cluster outskirts may still be embedded in extended reservoirs of hot emitting gas still accreting onto their discs. The gas accretion history of the disc is thus indirectly reflected by the galaxy X-ray luminosity: the hot gas infalling from the halo cools out with a mass cool-out rate inversely proportional to its cooling time and following it approximately scales with the bolometric luminosity and the emission-weighted mean inverse temperature:Ṁ ∝ LX 1 T ew . In Fig. 11 we check for the same relationship in tracing the redshift evolution of the predicted gas cool-out rate and global star formation rate of the whole cluster for the two largest simulated systems: it is noticeable that the two quantities are well correlated, although the predicted coolout rate is systematically higher by a factor ∼3. The offset between the two quantities is due to: a) the simplistic assumption behind the equation we took from , where P dV work was neglected; and b) the fact that, given the strong galactic super-winds, not all gas which cools out is turned into stars.
THE CLUSTER COLD COMPONENTS
The baryonic mass of clusters is largely dominated by the hot ICM mass, yet the mass fraction of the cold component (which is the sum of stars and, although to a much smaller extent, the neutral, non X-ray emitting gas phase at T ∼ < 10 4 K) is a crucial constraint for cluster simulations, as it plays a major role in distinguishing the mechanisms responsible for the "excess entropy": the larger the cold fraction, the larger the contribution given by star formation in removing low entropy gas from the ICM. To match the observed cold fraction of fc = 0.1 − 0.2 (see below), strong (pre)heating or feedback are needed to enhance the entropy level (see Section 3.4). Also, the cold fraction constrains the chemical enrichment efficiency of the stellar populationswhich are evidently able to enrich to significant levels the hot ICM gas mass MICM >> M * (Section 8). The cold fraction, defined as the fraction of baryons in the form of cold gas and stars, provides a measure of galaxy formation efficiency and can be recast in terms of the gas and stellar mass-to-light ratios (MLR) as
Its empirical estimate however is non-trivial: while the ICM gas mass is determined fairly directly from X-ray data, the stellar mass M * can be derived only indirectly from the observed luminosity of cluster galaxies, typically in the B band, and is subject to uncertain assumptions on the stellar mass-to-light ratio; the latter likely spans the range 4-8
according to the IMF (Portinari et al. 2004) . Thus, with the ratio
directly observable and typically ≃ 30h Finoguenov et al. 2003) 2 , the corresponding cold fraction fc ≃ 10 − 20% has a factor-of-two uncertainty stemming from the assumed stellar MLR (see Portinari 2005 for a detailed discussion). Due to the importance of this constraint on cluster physics, care should be taken in comparing simulations and observational estimates consistently (i.e. assuming a coherent stellar MLR), especially since the Salpeter and AY IMFs of our simulations are quite "heavy", i.e. with a significant stellar mass locked in low-mass stars and remnants (Portinari 2005) . The corrections can be sometimes quite significant (e.g. in Fig. 13) .
In Fig. 12a , the cold fractions of our simulations are compared to the recent data by Lin et al. (2003; hereinafter LMS) who accurately derive stellar masses from K-band luminosity (a better mass tracer than B band), distinguishing between spirals and ellipticals in assigning the MLR. Yet the zero-point of the absolute value for the stellar MLR depends on the assumed IMF; the MLRs adopted by LMS (from Good agreement with the data is obtained instead for the "standard" AY-SW simulations, with or without preheating and conduction. In Fig. 12a we show the cold fraction of the high resolution "Virgo" simulation (quite close to the normal resolution one), along with the one corrected for the mass of the central cooling flow stars (Section 2.2): neglecting the latter population reduces fc by about 20%. As to the simulations with enhanced feedback efficiency, the SWx2 simulations are still in reasonable agreement with the observations, while the extreme case SWx4 yields too low cold fractions for T > 2keV, where data are available.
Alternatively, rather than correcting the observational cold fraction consistently with the specific IMF and MLR pertaining to each simulation, we can compute the stellar luminosity of our clusters and compare to the directly observed
ratio. The global luminosity within R500 is the sum of the luminosities of all the star particles, each computed from SSPs with the corresponding age, metallicity and IMF (see Paper II for details). Again, when computing the cluster luminosity, we neglect the artificial late stellar populations arisen from innermost cooled region (see Section 2.2), in the same way as for the "Virgo" cold fraction above.
In Fig. 12b we plot the ICM MLR from our simulations, compared to the B-band data of Finoguenov et al. (2003) , for volumes within 0.4 Rvir. In agreement with the top panel, the AY-SW simulations best reproduce
and hence the cold fractions; also the trend with temperature is well modelled. For the extreme feedback case AY-SWx4, the low cold fractions on top corresponds as expected to high
. For the Salpeter simulations, also consistently with the too large cold fractions found above, the luminosity is too large for the corresponding ICM mass and
is too low; the excess luminosity is even more striking in B band, because in the Salpeter simulations the galaxies are more metal poor and hence bluer, than real cluster galaxies (see the colourmagnitude relation in Paper II).
A number of studies suggest that the cold fraction decreases at increasing cluster mass or X-ray temperature (David et al. 1990; Arnaud et al. 1992 ; LMS) -though the issue is still debated, and it might depend on the sampled volume in different clusters (Roussel et al. 2000) . The trend is usually explained by invoking less efficient star and galaxy formation in hotter systems; indeed LMS have recently found that the stellar mass fraction over the total cluster mass, decreases for more massive clusters. To this regard, an important role is also played by metal dependent cooling, especially when coupled with efficient mechanisms of transportation and mixing of the heavy elements into diffuse gas at outer radii, which has yet to cool out (Scannapieco et al. ., 2005) : thus, in more massive haloes the effects from non-primordial cooling function (as that we use, except in the WFB model) are possibly counteracted by chemical mixing occurring at larger scale. Another factor contributing to the trend is the likely gas dispersal out of the shallower potential wells of smaller systems, reducing their ICM mass and overall baryon fraction.
For our simulated sample as well, the cold fraction decreases with increasing mass (Fig. 12a) . The trend is driven by the fact that larger clusters better retain the ICM gas, so that the ICM to total mass ratio increases, while the stellar mass fraction remains fairly constant with cluster temperature (cf. Fig. 2 and 4) . The latter behaviour is in conflict with observations; notice, however, that the observed stellar mass fraction typically refers to the stars in galaxies: the intra-cluster population is not taken into account here and it might compensate for the observed descrease, if the percentage of intra-cluster stars increases with cluster mass, due to more efficient stripping (LMS; see Paper III).
Non-gravitational heating mechanisms (SN/AGNdriven galactic winds; pre-heating) also affect the radial profiles of the cold fractions. In Fig. 13 we compare our two largest simulated clusters to the observed profiles of Roussel et al. (2000) 3 ; the + and × symbols correspond to the results they obtain fitting King or de Vaucouleur light profiles, respectively; the latter are better comparable to our simulated clusters where the light is centrally peaked due to the cD's. Once more the AY-SW simulations (including the conduction and preheating cases) are those that best reproduce the overall cold fraction within R500. Again, as previously in Fig. 12 , the effect on the cold fraction of re- moving stars belonging to the base of the cooling flow is highlighted: in particular the high resolution and corrected "Virgo" simulation (dashed green line) turns out to be in very close agreement with observed profiles.
All in all, it is a positive result that our simulations with supernova feedback (with a top-heavy IMF, but without other energy sources such as AGNs) fairly reproduce the observed low cold fractions. Previous simulations including radiative cooling and star formation typically predicted too large a fraction of gas converted into stars, with SPH as well as with Adaptive Mesh Refinement schemes (Tornatore et al. 2003 and references therein; Kravtsov, Nagai & Vikhlinin 2005) . When artificial pre-heating is also invoked, star formation is hampered at high redshift, which helps to reduce the cold fraction but also causes an unrealistic delay in the star formation history (Paper II; Tornatore et al. 2003; Nagai & Kravtsov 2004) . Dumping the supernova energy just as thermal energy in the surrounding gas has little effect on the cold fraction (Tornatore et al. 2003; Nagai & Kravtsov 2004) ; hence the key to our result is a feedback implementation able to represent more realistically the adiabatic phase of super-shell expansion.
METAL ENRICHMENT
The hot ICM gas in clusters is significantly enriched in metals. In our simulations, the super-winds resulting from SNII enrich the ICM by dispersal of the chemical elements produced by stars (Section 2.3 and 2.1). In this scheme, the dispersal of SNII products is favoured; however, metals ejected by lower mass stars and SNIa are blown out as well (and are important for the ICM enrichment), because the superwinds also expel gas already present in the galaxies.
As to the role of ram pressure stripping, though in principle included in the hydrodynamical simulations, it is here only partially resolved: stripping of hot and diffuse galaxy halo gas is resolved, whilst stripping of high density, cold (HI) gas in the galaxy itself is not. There are however arguments that ram pressure stripping is not the dominant mechanism of extraction of metals from galaxies (Renzini 1997; Aguirre et al. 2001 , but see also Domainko et al. 2006 and Section 8.4).
The iron content of the simulated clusters
In rich clusters the iron abundance is about one third of the solar value, with a rather small dispersion (Arnaud et al. 1992; Renzini 1997; Fukazawa et al. 1998; Baumgartner et al. 2005) ; detailed iron profiles suggest though that cool core (formerly called cooling flow) clusters have systematically higher ICM metallicities (De Grandi et al. 2004 , hereinafter DELM; Fig. 14) . The iron abundance profiles show negative gradients: cool-core clusters display a central peak (up to 0.7 solar), while out of the cool core, as well as in non-cool core clusters, the gradients are much milder and consistent with a flat distribution (DELM). Fig. 14 compares the iron abundance profiles in the ICM from our simulations, to the data for cool core and non-cool core clusters; the former are a better reference for our simulated clusters, which are well relaxed objects with prominent central cDs. Evidently, our profiles are steeper than the observed ones -a general problem in simulations (Tornatore et al. 2004) , partly related to the fact that star formation at late times is concentrated toward the central regions.
In Fig. 14 , the iron abundances of the Salpeter simulations lie well below the observed ones, at all radii; while the standard AY-SW simulations are closer to the data. However, since the distribution of the metals is different between simulations and real clusters, quantitative comparison of the We consider the AY-SW simulations of the two richest clusters in our set, "Virgo" (at normal and high resolution) and "Mini-Coma". In Fig. 15 we show as solid lines the cumulative iron mass in the ICM within radius R, out to R500 (which is ≃ 0.5Rvir). The dashed lines are the expected cumulative profiles assuming for our ICM gas the typical average iron abundance of 0.3 solar (e.g. DELM). Also plotted are the cumulative iron masses within R2500 and R1000 determined by DELM for individual clusters with emission-weighted temperatures close to those of our simulated "Virgo" and "Coma", scaled by a factor 70 50 − 5 2 con-4 Rather than the global iron content (mass weighted metallicity) of the ICM, we could discuss the emission-weighted metallicity, which in principle corresponds to the direct observational quantity. We prefer not to follow this line, since in the simulations the very steep gradients artificially boost the emission weighted metallicity, biased in favour of the central, brightest regions, by a factor of 2-3 (e.g. Tornatore et al. 2004) . Such a boost does not occur in real clusters, where metallicity gradients are much shallower and nowadays so well resolved, that the overall mass weighted metallicity can be reconstructed with confidence -and is found not significantly different from the emission weighted one (DELM). Since the meaningful physical quantity is, in the end, the actual amount of metals in the ICM, we prefer to discuss the mass-weighted metallicity, in simulations and in observations. sistent with the H0 value we adopt. There is quite some scatter in the actual iron masses of individual clusters, but they nicely bracket the simulation results -especially considering the cool core clusters (filled circles). Out to R500, the simulations reproduce the expected values (solid vs. dashed lines) fairly well. We note that if the ICM maintains the typical iron abundance of 0.3 ZF e,⊙ beyond R500, then the simulation tend to fall short of the expected metal content of the ICM; however, the observed metallicity profiles typically reach less than R500 (e.g. Fig. 14) so that some extrapolation is already involved in Fig. 15 .
Observationally the "partition" of the iron mass is skewed in favour of the ICM (Renzini et al. 1993; Renzini 1997 Renzini , 2004 ; for the AY IMF in particular, the expected partition is about twice more iron in the ICM than in stars (Portinari 2005) . In Fig. 15 instead, the partition is skewed in favour of the stars (solid vs. dotted lines), so that only about 1/3 of the total iron content remains in the ICM. The discrepancy may be partly due to the fact that we compute the iron mass from all the star particles (including the cD, its envelope and the intracluster stars), while observational estimates are based only on galaxies. In very relaxed clusters similar to our simulated ones, the amount of iron contained in the envelope of the cD can be significant; if observationally this is not accounted for, one underestimates the actual star-to-ICM iron mass ratio.
However we find that most of the discrepancy is just an artifact due to significant production and lock-up of iron by stars formed at the base of late time cooling flows: subtracting the iron content from these stars from the cumulative stellar iron mass results in the short-dashed line of Fig. 15 . The mass of the stars involved in the correction is only about 20% (e.g. Fig. 12, solid vs. open star) but the effects on the locked up iron mass are major: after the correction, the iron mass partition becomes about 2/3 in the ICM to 1/3 in the stars, in much better agreement with the expectations.
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As the prominent cooling flow stellar population is a nonphysical effect (Section 2.2), the corrected iron masses are to be regarded as much more realistic than the uncorrected ones. This highlights that a proper modelling of the metal partition and of the ICM enrichment is strictly related on improved understanding of the physics of the central regions.
In Fig. 16 we plot the star-to-ICM iron mass ratio for different runs of the "Virgo" cluster, with different physical prescriptions, to analyse the effects of the different IMFs and feedback schemes on the iron partition. Within R500 there is typically 2-3 times more iron locked in the stars than in the ICM, i.e. the partition is "inverted" with respect to the expected one as we have seen above. However, besides the cooling flow corrected Virgo simulations discussed above (dashed lines), also the AY-SWx2 or AY-SWx4 simulations (with no correction) result in reasonable star-to-ICM iron mass ratios: AY-SWx2 yields iron equipartition, and AY-SWx4 predicts substantially more iron in the ICM than locked in the stellar component. One could than wonder whether a mere 5 In principle, also the ICM iron mass should be corrected for the effects of late time cooling flow induced star formation and iron recycling, but we find that this effect is less important and that most of the iron produced and recycled by cooling flow stars is locked up within this same spurious population and does not contribute much to enriching the ICM. general enhancement of the feedback efficiency could solve the problem of the "inverted" partition: unfortunately the enhanced feedback also suppresses the global star formation rate and metal production, so that in spite of the improved partition, these simulations yield a lower ICM metallicity than the standard AY-SW case and do not match the observed metallicities (Fig. 14) .
As to the Salpeter simulations, the resulting iron content in the ICM is about an order of magnitude below observations, because both the metal production and the feedback (i.e. metal dispersal) efficiency are too small. In the Sal-WFB case the iron distribution is very strongly skewed towards the stars (ratio 5:1); in the Sal-SW case instead the star-to-ICM iron mass ratio is closer to that of the AY-SW case, but due to the lower iron yield of the Salpeter IMF, both the ICM metallicity (Fig. 14) and the stellar metallicity (as traced by the colour-magnitude relation of the corresponding cluster galaxies, see Fig. 10 in Paper II) are too low.
DELM also point out a correlation between the iron mass within R2500 (a region well covered by their profiles) and the X-ray luminosity or temperature. Though few of our simulated clusters overlap with the temperature range of the DELM ones, in Fig. 17 the trend with temperature seems in qualitative agreement with the observed one.
The Iron Mass-to-Light ratio
A common way of measuring the efficiency of metal production by cluster galaxies is the ICM Iron Mass-to-Light Ratio . Iron Mass-to-light ratio of the ICM in the B band, from all stars within R 500 . Shaded region: averaged data (along with 1σ-scatter) over nine BeppoSAX nearby rich clusters extrapolated to R 500 , from De Grandi et al. (2004) .
Step curve: average over ASCA data from Finoguenov et al. (2003) . The effect of removing stars formed at the base of the cooling flow since z = 2 is shown as a dot-longdashed line for the "Virgo" and "Coma" AY-SW simulations.
efficiency higher than in the local environment by a factor of 3 or more (Portinari et al. 2004) . The above results based on galactic luminosities might however overestimate the actual overall IMLR, and the metal production efficiency, if the contribution of the intra-cluster stars is significant (Lin & Mohr 2004; Zaritsky, Gonzales & Zabludoff 2004) . Fig. 18 illustrates the IMLR of the simulated clusters within R500, compared to observational estimates (all scaled to the adopted value of H0); notice that the BeppoSAX based IMLR of DELM (shaded area) is about twice as large as the ASCA based estimates of Finoguenov et al. (2003; dashdotted line) . Though the BeppoSAX iron profiles are much more accurate, they do not reach as far out as ASCA data and significant extrapolation is required to derive the cumulative iron mass at R500, so that the BeppoSAX values should be regarded as upper limits (DELM). As to the IMLR of our simulated clusters, the luminosity is computed considering all stars (both galactic and inter-galactic) within R500: in our simulations the distribution of stars is highly skewed toward the cD+intra-cluster stars component, at the expense of the brightest galaxies in the luminosity function (Paper II and III); hence considering only galactic stars in the simulated clusters would seriously bias the luminosity downward. We do however neglect the contribution of the recent star formation at the centre of our cDs where cooling flows onset (Section 2.2): the effect of dropping the luminosity contribution from these innermost young stars is negligible for the lower temperature objects, but turns out to be important for the Virgo and Coma-sized ones (dot-dashed line in Fig. 18 ).
The IMLR obtained in simulations can be compatible with the observed one if: a) the adopted IMF produces enough metals in the overall; b) the simulations yield the correct partition of metals between the stars and the ICM; c) the star formation history in the simulated cluster is similar to that in real clusters, so that the colours and MLR of the simulated stellar populations are realistic.
The Salpeter simulations evidently have a far too low IMLR in the ICM. Since in principle the Salpeter IMF can produce enough iron to account for the observed enrichment (though not enough α-elements, Portinari et al. 2004) , the main culprit here is the partition. In the simulations, there is 3-5 times more iron in the stars than in the ICM (Fig. 16) ; if the expected equipartition (Matteucci & Vettolani 1988; Renzini et al. 1993; Portinari et al. 2004) were reproduced, the iron mass and IMLR of the ICM would be about 3 times larger, hence compatible with at least the ASCA results (step line in Fig. 18 ). The situation as expected improves with the AY simulations, since this top-heavy IMF both produces more metals and results in stronger feedback and metal dispersion into the ICM (even within the same SW feedback prescription as the Salpeter case). However, simulations are hardly able to reach the very high levels of IMLR inferred by the BeppoSAX results. Increasing the feedback efficiency to SWx2 and SWx4 evidently increases the IMLR in the ICM, because of the more favourable partition (Fig. 16) ; nonetheless, as we remarked in the previous section, even if the right level of IMLR were reached, the correct ICM metallicity would not necessarily be achieved in these simulations.
The AY-SW simulations (cooling-flow corrected, with conduction or not) are confirmed to be those that best reproduce the chemical properties of the ICM, including the qualitative trend of decreasing IMLR in poor clusters and groups (kT < ∼ 2 keV), as a consequence either of strong galactic winds, or of lower enriching efficiency.
The α-elements in the ICM
Mainly produced by SN II, α-elements are more direct tracers of star formation and of the massive stars that have enriched the ICM at early times, and also better tracers of the global metallicity -which they dominate by mass. In the ICM α-elements are in practice best represented by silicon, the second-best measured element in the ICM after iron; albeit a non-negligible contribution from SNIa, about 80% of the Si production is due to SNII (Portinari et al. 2004) .
The [α/Fe] abundance ratios in the ICM of rich clusters are supersolar and increase outwards, as α elements have a shallower distribution than iron (Finoguenov et al. 2000; Böhringer et al. 2004; Baumgartner et al. 2005) . In particular, they do not mirror the central iron peak in cool core clusters, which is then imputed to SNIa from the central Brightest Cluster Galaxy -in terms of mass, however, this peak represents only a 10% of the global ICM iron content; De Grandi & Molendi 2001; DELM; Böhringer et al. 2004) . We can compare our results with those of Tornatore et al. (2004) : their simulated cluster is comparable in virial mass to our "Virgo", and they also present Salpeter and AY IMF simulations with different feedback efficiencies; but their "sub-grid" treatment of star formation and feedback differs from ours. They share our same problem of too steep iron gradients, in all cases; but their abundance ratio profiles behave quite differently from those in Fig. 19 . Their [α/Fe] is roughly constant, solar or undersolar, over most of the cluster; probably they find lower [α/Fe] than we do because their feedback prescription treats SNII and SNIa alike, while ours favours the diffusion of SNII products. Moreover, in the central regions (R 0.1R200) they find a peak in [α/Fe] due to recent star formation and SNII explosions; indeed their Salpeter models A and B with "standard" wind parameters display profiles very similar to our Sal-WFB simulation. In all our SW simulations, instead, we find at most a mild central enhancement in [α/Fe]: our SW feedback prescription seems more efficient at contrasting late star formation at the centre of the cooling flow. Tornatore et al. are able to eliminate such central [α/Fe] spikes when invoking additional AGN energy input (Model C), but at the expense of retarding significantly the star formation history -which is not the case in our SW simulations (Paper II). One is then tempted to conclude that their "standard" feedback implementation is as little efficient as our WFB case, and they need to resort to "AGN powering" to eliminate the central spike while we can do it with the sole SNII energy in the SW simulation. But things are not so straightforward: in their model D (AY IMF with "standard" wind paramenters) the high ICM metallicity and [α/Fe]∼+0.3 suggest a very efficienct dispersal of metals in the ICM, more than in our AY-SW simulations; their feedback implementation now looks more efficient than our SW one, hence it seems that their scheme is much more sensitive to the underlying IMF. Though more detailed discussion on different implementations is out of the scopes of this paper, we stress the importance of having different algorithms and codes to assess the subtle but important effects of sub-grid physics.
The redshift evolution of the ICM metallicity
There is no significant variation in the typical ICM iron abundance of clusters up to z ≃ 1.2, implying that the bulk of the enrichment occurs at earlier epochs (Mushotzky & Loewenstein 1997; Donahue et al. 2003; Tozzi et al. 2003) . Fig. 20 (top panels) shows that the overall iron abundance, and its profile, in the ICM of simulated clusters is essentially unchanged from z = 0 to z = 1, in very good agreement with observations. Any evolution in the ICM metallicity at z < 1 is limited to the very central regions, r < 0.1Rvir, and is due to the late cooling flows and star formation at the centre of the cD; excluding this effect, since the bulk of the stars in the cluster are formed at z > ∼ 2 (Papers II and III), at z=2 we predict somewhat lower iron metallicities, but such redshift range is not probed by observations yet. The lower panels in the figure show the evolution in [Si/Fe], which as expected decreases in time due to the delayed iron contribution of SNIa with respect to the bulk of the silicon production (from SNII). The change in abundance ratios from z = 0 to z = 1 is minor, about 0.1 dex.
There are indications that some evolution in the metallicity of the ICM could be expected due to ram-pressure stripping of the metal richer cold gas from galaxies (Do- . However, further study of the redshift evolution of metallic abundances and gradients in the ICM (and in the intra-cluster light as well: see Paper III) out of our simulated data is presently on progress.
CONCLUSIONS
All the results reported are based on cosmological simulations of galaxy clusters including self-consistently cooling, star formation, supernova driven galactic super-winds, chemical evolution, UV field and thermal conduction, as described in Section 2. In relation to modelling the properties of cluster gas and galaxies, especially from the chemical point of view, this represents an important step forward with respect to previous theoretical works on the subject (see also Paper II and III).
In Section 3 the gas distribution has been analysed, in terms of cumulative fractions of baryonic, gas and stellar components. When compared with the "adiabatic" model (no cooling/star formation), the combined effect of cooling and feedback in our simulations makes the gas fraction shift significantly down at all distances. Enhancing feedback, the fraction of gas turned into stars decreases, thus augmenting the cumulative gas fraction up to the virial radius; and at the same time more gas is spread out at larger distances, resulting into a more extended profile (Fig. 1 ) -this effect becoming even more evident when looking at smaller systems (Fig. 3) . From comparing gas distributions reached at R500 in systems of different size, we find that feedback and cooling combined together again introduce a trend, with respect to the "adiabatic" run, which is increasing with temperature and which is more prominent in the stronger feedback and in the pre-heating models (Fig. 4) ; this in turn drives the baryon fraction-temperature correlation, as the stellar fraction seems to follow a fairly constant behaviour which might be compatible with a similarity of the star formation process in systems over a significant mass range.
In modelling the temperature profiles (Section 4), fair agreement has been found with observed distribution from ∼ 0.25Rvir outwards, while an extended isothermal core and the positive gradient in the innermost regions (r < 0.1Rvir) are still lacking in most models; feedback and pre-heating help to smooth out the steep negative temperature gradient typical of simulations with cooling, yet the temperature profile remains more sharply peaked than the observed one (Fig. 5) . Thermal conduction is found to affect the higher temperature, more massive systems in such a way that outer radial temperature gradients are reduced and "cold fronts" are smoothed out.
As for the entropy profiles, we needed to appeal to the most extreme SWx4 scheme in order to lower the central density to values consistent with the presence of an entropyfloor at ∼ 100keV·cm 2 , and even higher in the smallerscales simulated systems. The observed level and slope of the LX − T relation are also best reproduced by strenghtening the feedback up to the SWx4 case, at least in the probed range 1-6 keV; otherwise, the low-entropy gas at the cluster's centre induces over-emissivity, as seen in other simulations. Although general results from temperature and entropy distributions still call for the need of balancing cooling by enhancing feedback, it is however a firm result that our AY-SW models can actually fit cold-core systems, reproducing observed values of central entropy at 10-20 keV·cm 2 . The findings on the mass-to-light ratio of the ICM and the cold fraction place both in a fair agreement with observations, when adopting the standard SW scheme for stellar feedback with a top-heavy IMF, while a Salpeter IMF yields too large stellar fractions and masses, giving rise to an excess optical luminosity -as it is evident from the radial profiles (Fig. 13) . The cold fraction scales with cluster size, decreasing as system mass or temperature increases, as observed; in the simulations this trend is due to the more extended gas distribution, and the smaller gas and baryonic fraction within R500, characterizing systems of lower mass and temperature, rather than to an increase in the efficiency of galaxy formation and in the stellar fraction.
In Section 8 the metal enrichment of the ICM has been analysed. It has been found that the iron abundance profiles show a steep inner gradient, and an iron abundance overall level which is somewhat low relative to observations, at least at r 0.1Rvir. The steep inner gradient, along with the high iron level within this inner part, is mostly due to the excessive star formation, with subsequent chemical evolution, resulted from the spurious, late-time central cooling flows. This problem would be cured, if e.g. some non-supernova related feedback mechanisms could be invoked for halting the cooling flows (see below).
Regarding the overall level of iron abundance, it is clear from our results that adopting a top-heavier IMF such as Arimoto-Yoshii rather than a Salpeter one, helps to improve the distribution considerably. Enhancing the feedback then helps to balance the partition between metals in stars and in the ICM, favouring a higher iron MLR of the ICM, but this comes at the expense of hampering star formation and metal production itself, resulting in a too low metallicity for the ICM. Rather than a stronger stellar feedback, an improved understanding of the cooling and heating processes in the very central regions and of the formation of the cD seems to be the key to better balancing the total iron content of the stars and ICM. In fact, when excluding from the stellar iron mass the iron produced by stars formed at the base of the cooling flow, the metal partition between stars and ICM gets skewed in favour of the latter, thus much closer to empirical estimates. Then realistic values of metal enrichment through the ICM are attained, as seen from the cumulative iron masses in "Coma" and "Virgo" modelled and well reproduced by AY-SW scheme (Fig. 15) . And at the same time, such cooling flow correction helps the cold fraction as well to get reduced to values lower than 20%, excellently matching those observed (Figs. 12-13) .
Besides iron, the distribution of silicon as tracer of α-elements from SNII in the ICM shows a non-constant, increasing radial trend with respect to iron abundance, where the AY-SW model is fairly efficient in preventing the central peak due to recent star formation, as is clear from comparison with the WFB case (Fig. 19) . Although the evolution of the thermal and chemical properties of the ICM over significant redshift ranges will be in perspective treated in another forthcoming paper, here we just stress the attention upon the behaviour of gas metal abundances since z=2: iron levels appear to remain essentially unchanged at least from z=1 to the present; silicon abundance with respect to iron instead decreases due to the delayed contribution of SNIa (Fig. 20) .
In summary, although we can reproduce many observed features of groups and clusters, our results point out the need of a general heating mechanisms which could be able to suppress the overproduction of stars at late times in the central cluster regions, without affecting the overall cluster star formation. Hot unstable buoyant bubbles as observed in X-ray (e.g. Ensslin & Heinz, 2002 for a model), released in association with AGN jets, can transport energy by convection, thus providing a means of keeping the central gas from cooling. Another possibility is that the ICM might contain random magnetic fields of sufficient strength to significantly reduce the gas inflow by the combined effect of magnetic pressure and reconnection. Yet another option could be dissipation of sound waves resulting from AGN induced, turbulent motions, as recently proposed by Fujita & Suzuki (2005) .
